Thrombolysis with recombinant tissue plasminogen activator (rtPA) in ischemic stroke is limited by the increased risk of hemorrhage transformation due to blood-brain barrier breakdown. We determined the interaction of 17␤-estradiol (E2) and rtPA on activation of plasminogen system and matrix metalloproteinases (MMPs) in a transient middle cerebral artery occlusion (MCAO) model. Ovariectomized female rats were subjected to 1-h transient focal cerebral ischemia using a suture MCAO model. Ischemic lesion volume was significantly reduced with acute treatment of E2 despite of exogenous administration of rtPA. The expression and activation of urokinase (uPA), MMP2, and MMP9 were significantly increased in ischemic hemisphere after transient cerebral ischemia. Exogenous rtPA administration further enhanced expression and activation of uPA, MMP2, and MMP9, which was blocked by E2 treatment. We further determined the effect of combination therapy of E2 and rtPA in an embolic MCAO model. Although no protection was indicated upon acute treatment of E2 alone, combination treatment of E2 and rtPA provided protective action at 3 h after embolism. Collectively, the present study suggests that estrogen could be a candidate for combination therapy with rtPA to attenuate its side effect and hence expand its short therapeutic window for treatment of ischemic stroke.
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Ischemic stroke is the most frequent type of stroke, accounting for 83% of all stroke cases (Gillum, 2002) . Therapies for acute ischemic stroke have achieved several important successes during the past decade, primarily related to thrombolysis. The rtPA has been shown to significantly increase the number of stroke patients with no or minimal deficit when treated within 3 h of symptom onset. Unfortunately, few patients can reach emergency services within 3 h after the onset of stroke, and many hospitals are not able to provide the emergency services required to treat stroke patients. Beyond this time window, systemic rtPA does not seem to be as beneficial and actually increases the risk of serious side effects. Delayed administration of rtPA treatment has been associated with significant increase in the frequency of hemorrhage transformation (del Zoppo, 2000) . As a result, only 2 to 8% of United States ischemic stroke patients receive rtPA treatment, and rtPA has had a modest impact in the overall burden of ischemic stroke (Bambauer et al., 2006; Goldberg, 2007) . Therefore, the clinical problem at hand is how to expand the therapeutic window of rtPA, decrease or eliminate the risks of hemorrhagic transformation and other potential side effects, and ultimately to increase the overall efficacy of rtPA thrombolytic therapy (Wang et al., 2004) .
Neuroprotection refers to therapeutic interventions that produce benefits by favorably influencing underlying etiology or pathogenesis and thereby forestalling the onset of neuronal damage caused by stroke or other neurodegenerative diseases. Tremendous efforts have been made to develop neuroprotectants to prevent progression of ischemic cascade and reduce brain damage. However, the failure of clinical trials for neuroprotective drugs has argued against single cell type strategy for treatment of ischemic stroke (Young et al., 2007) . It is reasonable that combination therapies that target the whole neurovascular unit and act on multiple pathways of ischemic cascade might have a greater chance of success to reduce ischemic brain damage in stroke.
Estrogens have been intensively studied as a group of neuroprotectant against neurodegenerative diseases, including stroke, in the last decade. There is now abundant evi-dence for protection by estrogens in different experimental stroke models. Estrogens' protective effects have been shown in both females and males, in both pretreatment and posttreatment paradigms (McCullough and Hurn, 2003; . It is important to note that the protective effects of estrogen on acute treatment paradigm have been mostly demonstrated in a transient middle cerebral artery occlusion (MCAO) model, using a monofilament nylon suture (Hurn and Macrae, 2000; Liu et al., 2005) . This transient focal cerebral stroke model simulates clinical rationale that an ischemic stroke patient is treated with rtPA, which enable a successful reperfusion after transient focal cerebral ischemia. However, the protective action of estrogens has not been tested in embolic stroke models. In the present study, we determined the interaction of estradiol and rtPA on activation of endogenous plasminogen activators (PAs) and matrix metalloproteinases (MMPs) using a transient suture MCAO model in rat. Furthermore, we determined the effect of combination treatment of estradiol and rtPA in a rat embolic MCAO model.
Materials and Methods
Experimental Animals. Female Sprague-Dawley rats (250 g) were purchased from Charles River Laboratories, Inc. (Wilmington, MA) and bilaterally ovariectomized to eliminate endogenous sex steroids. All animal procedures were approved by the University of North Texas Health Science Center Animal Care and Use Committee. Stroke was induced 2 weeks after ovariectomy.
Experimental Middle Cerebral Artery Occlusion Models and Treatments. Two experimental ischemic stroke models were used in the current study, transient MCAO by suture and embolic MCAO by homologous blood clots. Transient MCAO was induced as described previously . Animals were anesthetized by intraperitoneal injection of ketamine (60 mg/kg) and xylazine (10 mg/kg). Rectal temperature was maintained at 37.0 Ϯ 0.5°C during stroke procedure. For suture MCAO model, the left MCA was occluded by a 3-0 monofilament suture introduced via internal carotid artery. After 1 h, the suture was withdrawn for reperfusion. Animals were randomly allocated to three groups: control (n ϭ 9) treated with vehicle (0.2M L-arginine in saline with phosphoric acid, pH 7.4), rtPA (n ϭ 8) treated with rtPA, and 17␤-estradiol (E2) plus rtPA group (n ϭ 8) treated with E2 plus rtPA. For E2 treatment, E2 (100 g/kg body weight) was administered via subcutaneous injection at 2 h before stroke. rtPA (Genentech, South San Francisco, CA) was dissolved in saline and administered intravenously at a dose of 10 mg/kg body weight with a 10% bolus and 90% continuous infusion over a 30-min start at the onset of reperfusion.
Embolic MCAO was induced as described previously (Busch et al., 1997) . Fresh arterial blood (0.6 ml) was mixed with 0.15 ml of thrombin (1 mg/ml) and injected into 50-cm-long polyethylene 50 catheter immediately. One hour later, the clot was flushed out of the catheter and rinsed with normal saline. The fibrin-rich clots were selected and cut into small pieces under microscope (1.5 mm). The clots were put into a solution of albumin in phosphatebuffered saline (1 mg/ml) for 4 h. For embolic MCAO, female Sprague-Dawley rats were anesthetized with ketamine (60 mg/kg) in combination with xylazine (10 mg/kg) administered intraperitoneally. The polyethylene 50 catheter with 12 clots was inserted through a small puncture into the isolated external carotid artery, and clots were injected into the internal carotid artery. rtPA treatment was administered as described above. For chronic E2 treatment (n ϭ 9), a 3-cm-long pellet containing 4 mg/ml E2 was implanted subcutaneously 1 week before embolic MCAO. For acute E2 treatment (n ϭ 9), E2 (100 g/kg) was administered subcutaneously immediately before rtPA administration.
Lesion Volume Determination. Animals were sacrificed at 24 h after experimental MCAO. Brains were harvested, and seven slices were made at 3, 5, 7, 9, 11, 13, and 15 mm posterior to olfactory bulb. Slices were incubated for 30 min in a 2% solution of 2,3,5-triphenyltetrazolium chloride at 37°C and then fixed in 10% formalin. The stained slices were photographed and subsequently measured for ischemic lesion volume.
Tissue Preparation and Zymography. Another set of 18 rats (six rats in each group) were randomly allocated to three groups: control, rtPA, and E2 plus rtPA. Transient focal cerebral ischemia was induced by 1-h MCAO followed by reperfusion. All rats were sacrificed at 24 h after reperfusion. Each hemisphere was harvested separately in lysis buffer (50 mM Tris-HCl, pH 7.5, 0.1 M L-arginine, 150 mM NaCl, 1.0% Triton X-100, 0.005% Brij 35, and 0.05% NaN 3 ) and homogenized by a Dounce homogenizer. The homogenate was centrifuged at 4°C for 20 min at 9000 rpm, and protein concentration of supernatant was determined by the Bradford method (Bradford, 1976) .
For plasminogen-dependent zymography, equal amount of samples were resolved under nonreducing conditions on 10% SDS-polyacrylamide gels containing 0.01 U/ml plasminogen and 5 mg/ml casein. After electrophoresis, gels were washed with 2.5% Triton X-100 solution for 1 h and then incubated with 50 mM Tris-HCl, pH 7.4, 5 mM CaCl 2 , 1 M ZnCl 2 , and 1% Triton X-100 for 24 h at 37°C. The gels were stained with Coomassie Blue solution (0.25% Coomassie Blue, 45% MeOH, and 10% acetic acid) for 2 h and then destained with a destain solution (30% MeOH and 10% acetic acid).
For gelatin zymography, equal amounts of sample were run at nonreducing conditions on 10% polyacrylamide gel containing 0.5% gelatin. After electrophoresis, SDS was removed by washing 2 h with 2.5% Triton X-100 solution followed by washing for 24 h in 1% Triton X-100 solution at 37°C. The gels were stained with staining solution and destained until bands became clear.
Western Blot Analysis. Antibodies for tPA, urokinase (uPA), and PAI-1 were purchased from American Diagnostica (Greenwich, CT). Antibodies for MMP2 and MMP9 were purchased from Calbiochem (San Diego, CA). Equal amounts of brain samples were separated under nonreducing conditions on 8% SDS-polyacrylamide gels and transferred to nitrocellulose membranes. After blocking with 5% nonfat milk, the blot was incubated with primary antibody at 4°C overnight. Membranes were incubated with a horseradish peroxidase-conjugated secondary antibody for 2 h. The blots were then washed and detected by enhanced chemiluminescent reagents. The images were acquired and analyzed by a Western blot imaging system (UVP, Inc., Upland, CA).
Data Analysis. All data are expressed as mean Ϯ S.E.M. The ischemic lesion volume was compared by one-way analysis variance followed by Tukey's test. For other biomedical analysis, data were normalized to control level at nonischemic hemisphere, and the difference between each group was compared by one-way analysis variance followed by Tukey's test. The difference for each comparison was considered significant at the p Ͻ 0.05 level.
Results
Estrogen Provides Protective Effect against Transient Focal Cerebral Ischemia Despite Exogenous Administration of rtPA. To determine the effects of E2 against transient focal cerebral ischemia in combination with rtPA, transient MCAO by a suture was induced in ovariectomized female rats. At 24 h after ischemic stroke, lesion volume was 195.7 Ϯ 28.3, 224.5 Ϯ 40.95, and 80.99 Ϯ 23.03 mm 3 in control, rtPA, and E2 plus rtPA combined treatment group, respectively (Fig. 1) . rtPA treatment led to a slight increase of lesion volume compared with control, although no statistically difference was indicated. Combination treatment with E2 and rtPA significantly decreased lesion volume by 58.6 and 64% (p Ͻ 0.05), compared with control and rtPA treatment, respectively.
Interaction of Estrogen and rtPA on Activation of Endogenous Plasminogen Activators after Transient Focal Cerebral Ischemia. We determined the interaction of estrogen and rtPA on endogenous PAs system. Three forms of tPA were detected by Western blots, depicted as single chain, double chains, and tPA/PAI-1 complex. An increase of expression of tPA, mainly in complex forms, was observed in ischemic hemisphere, which was greatly attenuated by combined estrogen treatment (Fig. 2, A and B) . Two forms of PAI-1, PAI-1/uPA complex and PAI-1/tPA complex, were detected by Western blots. A markedly increase of PAI-1 expression, mainly complex with tPA, was indicated in ischemic hemisphere, which was attenuated by estrogen treatment (Fig. 3, A and B) . Plasminogen-dependent casein zymography showed no significant difference in tPA activity between ischemic and nonischemic hemisphere at 24 h after transient focal cerebral ischemia in both 3 . A, representative Western blot of PAI-1 in control, rtPA, and E2 ϩ rtPA group at 24 h after transient focal MCAO by suture. B, densitometric analysis of PAI-1 in complex with tPA in control, rtPA, and E2 ϩ rtPA group. A significant increase of PAI-1 in complex with tPA was demonstrated, which was further enhanced by rtPA treatment. E2 treatment attenuated PAI-1 in complex of tPA in both ischemic and contralateral hemisphere. C, densitometric analysis of PAI-1 in complex with uPA in control, rtPA, and E2 ϩ rtPA group. rtPA significantly increased PAI-1 in complex with uPA in the ischemic hemisphere, which was attenuated by E2 treatment. ‫,ء‬ p Ͻ 0.05. control and rtPA-treated groups (Fig. 4, A and B) . Treatment with E2 significantly decreased tPA activity in both ischemic and nonischemic side, which was 79 Ϯ 1.5 and 61 Ϯ 1.9% of nonischemic side in control group, respectively (Fig. 4, A and B ; p Ͻ 0.001). In contrast, a significant increase of uPA activity was suggested in ischemic hemisphere, which was 118 Ϯ 4.3% of nonischemic hemisphere in control group (p Ͻ 0.05). Administration of rtPA caused further increase of uPA activity to 129 Ϯ 4.1% in ischemic side. Pretreatment with E2 significantly decreased the uPA activity in both ischemic and nonischemic side, which was 86.8 Ϯ 4.0 and 41.7 Ϯ 2.0% of nonischemic hemisphere in control group, respectively (p Ͻ 0.05; Fig. 4C) .
Interaction of Estrogen and rtPA on Activation of MMP2 and MMP9 after Transient Focal Cerebral Ischemia. We determined the interaction of estrogen and rtPA on MMP2 and MMP9 activation. Western blots demonstrated that MMP9 expression significantly increased in ischemic hemisphere at 24 h after reperfusion. Exogenous administration of rtPA dramatically enhanced the expression of MMP2 and MMP9 in both ischemic and no-ischemic hemisphere, which was attenuated by estrogen treatment (Fig. 5, A-C) . Consistently, MMP2 activity after transient focal cerebral ischemia was enhanced by exogenous administration of rtPA, which was attenuated by estrogen treatment (Fig. 6, A and B) .
Effect of Combination Treatment of Estrogen and rtPA in Embolic MCAO Model. Using a rat embolic MCAO model, we determined the effect of estradiol in embolic stroke. A significant uteri hypertrophy was indicated in ovariectomized female rats with both short-term and acute estrogen treatment (Fig. 7A) . No protection was indicated in acute treatment, whereas a significant reduction of lesion volume was observed upon short-term pretreatment (Fig.  7B) . We further determined the action of combined estrogen and rtPA treatment in the embolic MCAO model. When rtPA was administered at 0.5 h after embolism, a very small lesion (45.24 Ϯ 20.36 mm 3 ) was found. Whereas a significantly larger lesion volume with 360.4 Ϯ 58.14 mm 3 was observed when rtPA was given at 3 h after embolism. The combination treatment of estradiol and rtPA at 3 h after embolism significantly decreased lesion to 186.6 Ϯ 51.67 mm 3 (Fig. 7C ).
Discussion
rtPA is currently the only Food and Drug Administrationapproved treatment for acute ischemic stroke in United States. If performed in a timely manner, there is no doubt that rtPA-induced reperfusion may rescue brain from ischemic damage. However, whether reperfusion will be beneficial depends on duration of ischemia and degree of cellular alteration. Under some circumstances, thrombolysis-induced reperfusion leads to cerebral edema and hemorrhage. Consistently, hemorrhagic transformation induced by rtPA is related to the duration of ischemia, as more hemorrhagic transformation is seen when rtPA is administered at a later time after stroke (Clark et al., 2000; del Zoppo, 2000) . Likewise, in rodent MCAO model, late rtPA treatment rapidly aggravated BBB damage and thereby enhanced hemorrhage transformation (Dijkhuizen et al., 2002) .
For over a decade, monotherapies focused on a single pathway have dominated stroke studies, with neuroprotection as one of them. Almost all neuroprotectants that have been studied in clinical trials were targeted at one of cerebral ischemia cascades, and all these trials have failed (Richard jpet.aspetjournals.org Green et al., 2003; Goldberg, 2007) . Without thrombolysis derived reperfusion, neuroprotectants may not be effective, simply because not enough neuroprotectants reached ischemic area, or neuroprotectants could not antagonize the extensive damage as a result of prolonged arterial occlusion. Combination therapies of neuroprotectants and rtPA might reduce adverse events of rtPA and extend its therapeutic window. In addition, combination therapies might also decrease dosages for each agent and hence decrease the occurrence of side effects.
The MCAO in rodents has been accepted as the primary model to simulate ischemic stroke in humans (Traystman, 2003) . The protective effects of estrogens against ischemic stroke have been well demonstrated in the MCAO models. The protective actions of estrogens have also been demonstrated on glial cells, maintenance of extracellular matrix integrity as well as cerebral vasculature Yang et al., 2005; Krause et al., 2006; Miller and Duckles, 2008) . In the present study, we determined whether estradiol exerts protection against cerebral ischemia when exogenous rtPA was administered in an experimental ischemic stroke model. Our data suggested that the protective action of estrogens against cerebral ischemia reperfusion injury was not compromised by exogenous rtPA administration.
We determined the interaction of estrogen and rtPA on expression and activation of PAs and MMPs, two critical factors that contribute to hemorrhagic transformation during ischemic stroke. Hemorrhagic transformation is a common accompaniment of ischemic stroke, even in the absence of revascularization therapy (del Zoppo, 2000; Khatri et al., 2007) . Up to 30% of all ischemic strokes undergo spontaneous hemorrhagic transformation, and this phenomenon becomes even more prevalent with the use of thrombolytic therapy . The fundamental mechanism leading to fluid and blood extravasation is the disruption of BBB (del Zoppo, 2000) , which, in part, is due to generation and secretion of selective MMPs and PAs (Rosenberg et al., 1998) . MMP2 and MMP9 are two of the major MMPs expressed in brain (Kaczmarek et al., 2002) . Up-regulation of MMP2 and MMP9 after cerebral ischemia has been found in rodents, nonhuman primates, and humans (Sumii and Lo, 2002; Lee et al., 2004; Rosell et al., 2006; del Zoppo et al., 2007) . Proteolytic damage involving MMPs have also been implicated in rtPA thrombolytic therapy (Sumii and Lo, 2002) . In primary cerebral microvascular endothelial cell culture, rtPA up-regulates MMP9 activation . Recently, rtPA has been demonstrated to induce MMP2 and MMP9 activation in primary astrocytes (Wang et al., 2006) . Increas- Fig. 5 . A, representative Western blots of MMP2 and MMP9 in control, rtPA, and E2 ϩ rtPA group at 24 h after transient focal MCAO by suture. Dramatic increase of MMP9 expression was shown in the ischemic side. rtPA treatment marked enhanced expression of both MMP2 and MMP9 in the ischemic and nonischemic side, which were attenuated by combination treatment of E2. B and C, densitometric analysis of expression of MMP2 (B) and MMP9 (C). The ratio was normalized to 100% of nonischemic hemisphere of controls (Ctl). ‫,ء‬ p Ͻ 0.05 versus nonischemic side in controls. # and ##, p Ͻ 0.01 versus ischemic side in rtPA group. Fig. 6 . A, representative gelatin-dependent zymography in control, rtPA, and E2 ϩ rtPA group. Positive medium (C1) containing MMP2 was used as positive control. B, densitometric analysis of MMP2 activity in control, rtPA, and E2 ϩ rtPA group. rtPA significant increased MMP2 activity in the ischemic hemisphere, which was attenuated by E2 treatment. ‫,ء‬ p Ͻ 0.05.
ing evidence indicate that rtPA can increase MMP2 and MMP9 action after stroke, which may contribute to BBB disruption and hemorrhagic transformation (Sumii and Lo, 2002; Lee et al., 2004; Kahles et al., 2005) . In rat MCAO model, rtPA promotes MMP9 up-regulation after focal cerebral ischemia (Tsuji et al., 2005) . Consistently, MMP inhibitors decreased cerebral hemorrhage and BBB disruption after rtPA treatment (Lapchak et al., 2000; Sumii and Lo, 2002) . Our present studies demonstrated that exogenous rtPA administration enhances expression of MMP9 dramatically in ischemic hemisphere. In addition, rtPA also increases activation of MMP2 and uPA. Treatment of estrogen totally blocks action of rtPA on MMPs and uPA in both the ischemic and nonischemic hemisphere. Although total expression of endogenous tPA is up-regulated after ischemia, the activity of tPA does not increase as the majority of tPA is complexed with PAI-1, which is also up-regulated after stroke. Nonetheless, the expression and activation of tPA were reduced by estrogen treatment.
The inhibitory effect of estrogen on interaction of exogenous rtPA with PAs and MMPs could be secondary to its protective action. It has been suggested that up-regulation of MMP9 by rtPA is partly due to over production of free radicals induced by reperfusion injury as the MMP9 promoter contains nuclear factor-B sites . Thus, estrogen could potentially modulate MMPs activation through its identified action on nuclear factor-B. In addition, our results also suggest a direct effect of estrogen on the interaction of rtPA and PAs/MMPs, as the inhibitory action of estrogen could also be seen in the nonischemic hemisphere. The inhibitory effect of estrogen on MMP2 and MMP9 activation during stroke is consistent to its anti-inflammatory action. Estrogen has been shown to inhibit lipopolysaccharide-induced increase of MMP9 activity in both primary astrocyte and microglial cultures (Vegeto et al., 2001; Lewis et al., 2008) . Given the multifaceted action of estrogen on free radical production and many cell signal pathways, estrogens might modulate activation of PAs/MMPs induced by ischemia reperfusion damage and constitutive activation of PAs/ MMPs in normal brain tissue through different mechanisms.
The protective action of estrogens on stroke has been tested in many clinical trials (Bushnell et al., 2006) . Unfortunately, recent analysis suggested that estrogen not only increases the risk of ischemic stroke but also venous thromboembolism (Sare et al., 2008) . The discrepancy in the findings between experimental studies and clinical trials could be due to the limitation of stroke models used in translational research, such as differences in tolerance to cerebral edema; differences in size and region of ischemia between human and stroke models; and important molecular differences in thrombotic, inflammatory, and DNA repair cascades between rodents and primates (Carmichael, 2005) . In addition, different treatment paradigms used in experimental stroke and clinical trials could contribute to the unsuccessful translation of basic research to clinical trial. Acute treatments have been almost exclusively used in experimental stroke, whereas all clinical trails have been set up to test the effect of long-term estrogen replacement therapy (Gibson et al., 2006; Sare et al., 2008 ). In the current study, the protective action of estradiol was tested in an embolic ischemic stroke model, which more closely simulates ischemic stroke in the human model compared with the monofilament MCAO model. The protective effect of estrogen was found upon chronic treatment. However, no protection was afforded for acute treatment, which contradicts previous studies using the monofilament permanent MCAO model (Yang et al., 2000) . Although the precise reason contributing to different actions of estrogen between these two models is unclear, the lack of protection upon acute treatment in the embolic stroke model argues against single treatment of estrogen for ischemic stroke in future clinical trial. In the embolic MCAO model, early administration of rtPA at 0.5 h after embolism provided significant protection compared with treatment at 3 h after embolism, suggesting that this embolic stroke model could simulate human ischemic stroke for investigation of thrombolytic therapy. Our study demonstrated that combination therapy of rtPA and estrogen at 100 g/kg provided protection against ischemic stroke when administered at 3 h after embolism compared with rtPA treatment alone. Given the dose-dependent therapeutic window of estrogen in transient focal cerebral ischemia model (Liu et al., 2007) , higher dosages might potentially provide optimal protection and hence maximize the therapeutic window of rtPA in the embolic stroke model. It is interesting to note that arterial occlusion lesions are more likely to recanalize in women than in men after rtPA treatment for acute stroke (Savitz et al., 2005) . In addition, increased estrogen status has been associated with increased fibrinolytic potential (Gebara et al., 1995) . Given the consistent protective effect of acute estrogens treatment in experimental ischemic stroke studies and the protective Fig. 7 . A, E2 induces uteri hypertrophy in ovariectomized (Ctl) rats in both short-term chronic (E2 pellet) and acute treatment (E2 acute) paradigms. ‫,ء‬ p Ͻ 0.01 versus Ctl; ‫,ءء‬ p Ͻ 0.01 versus Ctl and acute estrogen treatment. B, effect of chronic and acute E2 treatments in ischemic lesion volume at 24 h after embolic MCAO. A significant reduction of lesion volume was indicated upon short-term chronic E2 treatment (E2 pellet) but not acute treatment (E2 acute). ‫,ء‬ p Ͻ 0.05 versus control (Ctl). C, effect of combination therapy of estrogen and rtPA in embolic MCAO model. rtPA was administered (10 mg/kg i.v.) at 0.5 h (rtPA 0.5h) or 3 h (rtPA 3h) after embolic MCAO. E2 or vehicle was administered subcutaneously at 3 h immediately before the administration of rtPA. ‫,ء‬ p Ͻ 0.05: E2 versus vehicle; ‫,ءء‬ p Ͻ 0.05: rtPA (0.5h) versus vehicle.
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at ASPET Journals on November 13, 2017 jpet.aspetjournals.org action of combination therapy in embolic ischemic stroke model, further studies are warranted to dissect the underlying cell signaling mechanisms of combination therapy, to determine the optimum dosage, to test whether protective action of combination therapy of estrogen and rtPA could be afforded in different gender and whether combined estrogen therapy could extend the short therapeutic window of rtPA, and to validate the possibility of a combined therapy for future clinical application.
Collectively, the present study demonstrated that estrogen could provide protection against transient focal cerebral ischemia despite administration of exogenous rtPA. Our results in the experimental ischemic stroke models suggest that estrogens could attenuate the detrimental effect of rtPA on activation of PAs and MMPs during ischemic stroke. In addition, a combination therapy of estrogens and rtPA provided protection against ischemic stroke when administered at 3 h after embolization in an embolic MCAO model. Therefore, estrogen could be a candidate for combined therapy with rtPA to attenuate side effects of rtPA and hence expand its short therapeutic window for treatment of ischemic stroke.
